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CHAPTER  I 
INTRODUCTION 

As  a  method  of  thin  film  deposition,  sputtering  has  recently 
enjoyed  a  rapid  increase  in  utilization.     It  is  not,  however,  a 
recently  discovered  process.    Sputtering  phenomena  were  first 
observed  more  than  100  years  ago,  in  1852,  by  Grove.    The  use  of 
sputtering  for  film  deposition  is  therefore  merely  an  adaptation 
of  a  process  which  has  been  studied  for  over  a  century. 

The  physical  process  of  sputtering  may  be  defined  as  the 
ejection  of  atoms  from  a  target  surface  under  the  influence  of 
ion  bombardment.    Essentially,  sputtering  may  be  described  as  a 
process  of  atomic  billiards  which  occurs  primarily  in  the  surface 
layers  of  the  target.     Inert  or  reactive  gas  atoms  are  ionized 
and  accelerated  to  the  target  surface,  where  they  eject  particles 
of  the  target  material. 

Two  main  types  of  particles  are  ejected:  heavy  particles  and 
secondary  electrons.  The  heavy  particles  which  are  ejected  may  be 
neutral,  positive  ions  or  negative  ions. 

Mass  spectrometr i c  studies  show  that  complex  particle  com- 
binations are  ejected  from  a  surface  under  positive  ion  bombard- 
ment.    Honig  (9)  observed  13  species  of  neutrals,  21  species  of 
positive  ions  and  21  species  of  negative  ions  when  he  bombarded 
a  contaminated  SiC  surface  with  600  eV  noble  gas  ions,  (Only 
about  one  percent  of  the  ejected  heavy  particles,  however,  were 
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found  to  bo  ions.)  Other  studies  of  positive  Ion  emission  from 
copper,  molybdenum,  platinum  and  tantalum  under  the  bombardment 
of  inert  gas  ions  found  that  between  0.1  and  1.0  percent  of  the 
ejected  heavy  particles  were  charged  (12). 

Studies  involving  compounds  indicate  that  entire  molecules 
may  be  sputtered.    For  Instance,  for  the  compound  GaSb,   it  can  be 
shown  from  energy  considerations  that  removal  of  only  the  surface 
atom,  whether  Ga  or  Sb,  results  in  an  unstable  configuration. 
Therefore,  GaSb  molecules  must  be  sputtered.     Data  obtained  by 
Wolsky  (26)  confirm  this  conclusion. 

Similar  studies  have  been  made  to  determine  ejected  secondary 
electron  yield  (15).     These  studies  reveal  that        ,  or  the  number 
of  electrons  per  Incident  ion,  ranges  from  about  0.01  at  100  eV 
Ion  energy  to  about  0.1  at  I  keV  ion  energy.     (These  results  are 
valid  for  K,  Li  and  Rb  ions  incident  on  Al,  and  for  H  and  Na  ions 
Incident  on  Cu.)     For  1-3  keV  argon  ions  incident  on      W,  Petrov 
and  Hagstrum  (10)  have  found  that  0.1-0.2  secondary  electrons  are 
emitted  per  incident  argon  ion. 

A  process  important  to  the  understanding  of  the  sputtering 
phenomenon  is  the  process  by  which  ionization  is  initiated  In  the 
sputtering  chamber.     Ionization  can  be  Initiated  by  what  Francis 
(7)  calls  "secondary  processes".     These  processes  include  emis- 
sion of  electrons  from  the  cathode  by  the  incidence  of  photons 
(V"p). 

Electrons  may  also  be  emitted  thermally,  since  T»  0°K  for 
the  sputtering  cathode,  and  in  thermionic  emission  the  electrons 
must  achieve  only  enough  energy  to  overcome  the  work  function  e6 
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A  third  possibility  is  for  electrons  to  be  emitted  from  the  sur- 
face by  "field  emission".     Wave  mechanical  calculations  show  that 
an  electron  in  a  potential  well,  the  target,  has  a  finite  proba- 
bility of  escaping  through  this  barrier  to  a  free  state  of  the 
same  potential  energy.    This  probability  Increases  as  the  applied 
field  increases. 

Photo-ionl zation,  or  photons  impinging  on  the  gas  atoms, 
causing  direct  Ionization,  may  also  lead  to  breakdown.     This  pro- 
cess is  more  Important  at  low  values  of  X/p,  where  X  sthe  field 
applied  in  volts  per  centimeter,  and  p  =  the  chamber  pressure  in 
mm  Hg. 

Several  collisions  between  electrons  and  gas  atoms  may  be 
necessary  to  cause  ionization  if  the  electron  energies  are  low, 
I.e.   less  than  eVj,  the  required  energy  for  ionization.  There 
thus  may  be  many  more  exciting  than  Ionizing  collisions. 

For  R.  F.  sputtering,  secondary  processes  at  the  electrodes 
are  not  absolutely  necessary  for  breakdown  to  occur,  as  they  are 
in  D.  C.  discharges.    This  is  because  the  field  is  reversing 
direction  periodically,  and  the  charges  may  not  be  swept  out  of 
the  chamber  onto  the  walls  or  the  electrodes.    With  the  resultant 
lower  losses,  much  lower  fields  can  lead  to  a  growth  of  ionization 
resulting  in  a  self-sustained  discharge.     It  should  be  noted,  how- 
ever, that  for  R,  F.  sputtering,  the  secondary  electrons,  whether 
produced  by  thermionic  emission  or  photons,  will  not  contribute 
to  the  growth  of  the  discharge  unless  they  are  emitted  when  the 
field  is  in  a  favorable  direction. 

It  follows  from  the  above  discussion  that  the  total  glow 


discharge  current  is  i_^  +^  where  i^  is  the  positive  ion 
current  and  'V^  is  the  number  of  electrons  liberated  from  the 
target  per  positive  ion. 

Three  main  types  of  sputtering  are  presently  used:  diode 
sputtering,  reactive  sputtering  and  R.  F,  sputtering.    Bias  sput- 
tering, which  makes  use  of  D.  C.  or  R.  F.  to  bias  the  substrate, 
has  lately  gained  wide  usage.     It  is,  however,  only  a  variation 
of  the  abovement i oned  main  types. 

Diode  sputtering  consists  of  establishing  a  direct  current 
glow  discharge  between  two  parallel  electrodes.     These  electrodes 
are  a  cathode  which  acts  as  the  supply  of  material  to  be  deposited, 
and  an  anode  which  contains  the  substrate  to  be  coated.     The  sput- 
tering is  carried  out  in  an  inert  gas  atmosphere  in  a  vacuum  cham- 
ber.    Typical  parameters  are:     1.5  -  7.0  kV  voltage  drop,  0.15  - 
1,50  ma/cm^  current  density,   10  -  100  millltorr  chamber  pressure 
and  3  -  10  cm  electrode  spacing  (17). 

Reactive  sputtering  consists  of  adding  a  reactive  gas  (such 
as  O2,  1^2*  *-'^»  ^*^4»  °^  ^2^^  "^^  "^^^  inert  gas  (usually  argon)  to 
form  Interstitial  solutions  of  the  reactive  product  in  the  deposi- 
ted metal,  or  for  the  formation  of  individual  compounds  (8),  The 
concentration  of  the  reactive  gas  must  be  kept  low  in  order  to 
avoid  the  formation  of  insulating  oxide  films  at  the  cathode. 

R,  F,  sputtering  consists  of  establishing  a  glow  discharge  by 
applying  radio  frequency  energy  to  the  cathode  of  a  sputtering 
chamber,     Vi/hen  sputtering  metals,  the  R,  F.   is  coupled  to  the 
cathode  through  a  blocking  capacitor.     When  sputtering  insulators, 
the  R,  F.   is  coupled  directly  to  the  cathode,     A  chamber  pressure 
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of  about  five  mJllitorrs  Is  often  used  for  R.  F.  sputtering. 

The  use  of  sputtering,  regardless  of  type,  frequently  offers 
substantial  advantages  over  other  methods  for  the  deposition  of 
thin  films.    Sputtering  allows  controlled  film  formation  over  a 
very  wide  range  of  deposition  rates,  especially  in  the  very  low 
rate  region  where,  for  some  materials,  evaporation  is  difficult, 
if  not  Impossible,  to  control.     Films  have  been  formed  by  sputter- 
ing at  rates  as  low  as  one  angstrom  per  minute  (25). 

The  sputtering  process  yields  very  reproducable  results.  For 
Instance,  tantalum  nitride  resistors  formed  by  reactive  sputtering 
can  be  fabricated  to  initial  tolerances  as  low  as  0.01  percent  (14), 

Sputtered  films  exhibit  very  good  mechanical  properties.  One 
reason  is  that  the  films  are  under  compressive  stress.  Measure- 
ments have  found  stresses  of  10^  dynes/cm^  for  two  micron  thick 
SIO2  films  (4).    Also,  adhesion  is  better  than  is  obtained  by 
other  deposition  methods,  and  in  general   is  excellent. 

R.  F.  sputtering  offers  important  advantages  over  0.  C.  and 
reactive  sputtering.    One  of  the  most  important  advantages  is  that 
Insulators  can  be  sputtered,  since,  using  R.  F.  energy,  power  can 
be  fed  into  the  system  via  the  displacement  current  through  the 
dielectric  material.    The  Insulator  target  is  thus  alternately 
bombarded  with  electrons  and  ions.    Therefore,  the  positive  charge 
which  is  accumulated  during  the  negative  (sputtering)  part  of  each 
cycle  is  neutralized  by  electrons  during  the  positive  part  of  the 
eye  I e. 

Several  properties  of  R,  F,  sputtering  were  found  to  be  ad- 
vantageous for  metals  as  well  as  for  Insulators.     For  example. 
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the  sputtering  of  refractory  metals,  which  is  difficult  with  D.  C, 
methods,   is  easily  done  at  high  rates  by  R.  F.  sputtering.  Attempts 
to  deposit  molybdenum  films  thicker  than  one  micron  by  evaporation 
or  D,  C.  sputtering  are  usually  unsuccessful.     However,  molybdenum 
films  three  microns  thick  have  been  R,  F.  sputtered  and  subse- 
quently processed  without  peeling  (2). 

A  thorough  understanding  of  the  sputtering  process  has  been 
limited  to  a  great  degree  by  the  lack  of  reliable  experimental 
data.    One  reason  is  that  early  experiments  were  carried  out  in  : 
relatively  high  pressure  glow  discharges.    Subsequent  chapters 
will  examine  recent  experimental  data  and  apparatus  technology. 


CHAPTER  II 
APPARATUS 

The  fabrication  of  sputtering  systems  is  far  from  standar- 
dized.    In  fact,  there  are  almost  as  many  different  equipment 
arrangements  as  there  are  systems.     The  block  diagram  of  Figure 
I,  however,  depicts  a  typical  R.  F.  sputtering  system.     The  arrange- 
ment  for  a  D.  C.  system  is  essentially  the  same,  with  the  substi- 
tution of  a  D.  C.  power  supply  for  the  R.  F.  generator  and  imped- 
ance matching  network. 
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Figure  I.     Block  diagram  of  typical  R.  F.  sputtering  system. 
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When  designing  a  sputtering  system,  consideration  must  be 
given  to  each  element  of  Figure  I.     Perhaps  the  most  careful  con- 
sideration must  be  given  to  the  sputtering  chamber  Itself. 

Although  system  configurations  have  changed  substantially 
since  Anderson,  Mayer  and  Wehner  (I)  did  their  original  R.  F, 
sputtering  research,  it  is  interesting  to  examine  the  first  R.  F. 
sputtering  chamber  arrangement.    This  arrangement  Is  depicted  in 
Figure  2, 


Main  anode 


H,  F,  input 
Metal  plate 


Diel ectric 

target 


asma 


Figure  2.     Original  R.  F.  sputtering  chamber 


arrangement. 


A  recently  designed  sputtering  chamber  is  illustrated  in 
Figure  3.     Most  of  the  major  parts  and  features  of  this  chamber 
will  be  found  in  any  R.  F.  sputtering  chamber  now  in  use.  In 
addition,   if  high  current  densities  are  used,  water  cooling  is 
provided  for  the  target  and  substrate  holder. 


ho  I der 


To  vacuum    T    To  vacuum 
gauge       -^^  system 

R.  F. 

generator 


Basep I  ate 


M/n/n  Ground 
e^w'-"'"  Insulator 


Figure  3.    Typical  R,  F.  sputtering  chamber. 


Considerable  care  must  be  taken  in  the  design  and  construc- 
tion of  the  sputtering  apparatus.    Sharp  corners  and  rectangular 
geometries  must  be  avoided  in  order  to  eliminate  field  concentra- 
tions.    Much  higher  pov/er  levels  are  needed  with  a  rectangular 
electrode  than  with  a  circular  electrode  to  obtain  the  same  depo- 
sition rate  (3).     Materials  to  be  used  in  apparatus  fabrication 
must  be  chosen  with  care.     For  example,  teflon  can  be  used  as  an 
insulating  spacer  for  low  power  applications,  but  the  toxic  fumes 
given  off  when  teflon  melts  limit  its  usefulness. 

A  ground  shield  Is  positioned  behind  the  target  electrode, 
regardless  of  the  type  of  sputtering  employed.     The  shield  elimi- 
nates the  sputtering  of  target  material   in  undesired  directions, 
and  also  prevents  the  dissipation  of  power  from  the  back  of  the 
electrode,  thus  increasing  efficiency. 
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For  R.  F.  sputtering,  the  distance  between  the  ground  shield 
and  the  R.  F.  electrode  is  critical,  and  should  be  kept  as  close 
to  the  thickness  of  the  cathode  dark  space  as  possible  without 
exceeding  it.     (If  the  distance  exceeds  the  dark  space,  a  dis- 
charge will  be  established  between  the  electrode  and  the  shield, 
resulting  in  sputtering  of  the  back  of  the  electrode.) 

The  thickness  of  the  dark  space  is  proportional  to  the  elec- 
tron mean  free  path,  and  therefore  inversely  proportional  to  pres- 
sure.    (At  0.02  Torr,  the  dark  space  thickness  is  approximately 
0.8  cm.) 

If  the  distance  between  the  electrode  and  the  shield  is  much 
less  than  the  dark  space  thickness,  the  resulting  low  impedance 
at  radio  frequencies  will  mean  that  most  of  the  R.  F.  power  will 
be  lost  directly  to  the  ground.    The  result  will  be  very  low 
sputtering  rates.    Best  results  were  obtained  by  Davidse  and 
Maissel   (3)  with  spacings  of  0.50  to  O.65  cm. 

The  separation  of  the  target  and  the  substrates  must,  of 
course,  be  greater  than  the  thickness  of  the  dark  space.  Typi- 
cally, target-substrate  separations  of  3-10  cm  are  used. 

The  impedance  of  the  target  must  be  kept  as  low  as  possible 
so  that  power  losses  are  minimized.     Therefore,  particularly  in 
the  case  of  dielectrics,  the  target  must  be  kept  as  thin  as  pos- 
sible.    In  addition,  the  back  surface  of  dielectric  targets  should 
be  metal Ized,  and  the  targets  soldered,   if  possible,  to  the  sup- 
port plate.     Targets,  however,  must  be  kept  sufficiently  thick  so 
that  they  do  not  physically  warp  due  to  the  heating  produced  by 
the  ion  bombardment.     (In  the  Kansas  State  University  Solid  State 
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Laboratory,  a  0.015  inch  thick  molybdenum  electrode  was  found  to 
be  unsatisfactory  due  to  heat-induced  warpage.) 

For  D.  C.  sputtering,  the  generator,  for  general  purposes, 
should  be  capable  of  an  output  of  0-5  kV  at  a  current  density  of 
two  ml  I  I  lamps  per  square  centimeter  of  target  area.     For  a  four- 
Inch  round  electrode,  then,  the  generator  should  be  capable  of 
maintaining  an  output  current  of  about  I50  ma. 

For  R.  F,  sputtering,  an  R.  F.  generator  may  be  selected 
only  after  the  frequency  of  operation  Is  determined.     The  fre- 
quency is  usually  in  the  range  of  1-20  Iv'Hz,  for  reasons  which  will 
be  discussed  later. 

The  generator  must  be  able  to  sustain  a  power  output  of  at 
least  one  to  three  ma/cm^  of  target  area  in  addition  to  any  losses 
in  the  system.    Also,  an  impedance  matching  network  should  be  in- 
cluded so  that  the  system  can  be  tuned  to  resonance,  allowing 
maximum  power  transfer  to  the  discharge. 

If  the  coaxial   line  from  the  R.  F,  generator  to  the  sputter- 
ing chamber  is  more  than  a  few  feet  long.   It  is  good  practice  to 
keep  it  a  multiple  of  a  half-wavelength.     This  is  because  the  in- 
put impedance  of  a  half-wavelength  section  is  always  equal  to  the 
output  impedance,  regardless  of  the  standing  wave  ratio  (SvVR)  value. 

The  most  effective  matching  network  which  can  be  simply  oper- 
ated, according  to  IVicDowell   (13),   is  illustrated  in  Figure  4.  The 
operating  procedure  is  first  to  tune  L  for  maximum  R.  F,  voltage 
and  then  tune  C  for  maximum  forward  power  and  minimum  reflected  power. 

An  equivalent  circuit  of  an  R,  F.  sputtering  system  Is  de- 
picted in  Figure  5.     The  series  capacitance  Cg  is  included  whenever 
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Figure  4.    R.  F.  impedance  matching  network, 
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Figure  5.     Equivalent  circuit  of  an  R.  F.  sputtering  system 
(After  Vossen  and  O'Neill  (21)) 
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metals  are  sputtered.     It  may  be  omitted  when  sputtering  dielec- 
trics. 

The  gas  most  commonly  used  for  sputtering  is  argon.  There 
are  three  primary  reasons  for  Its  use.     First,   it  is  inert  and 
therefore  does  not  react  with  the  target  material.    Second,  it 
has  a  relatively  high  atomic  weight.    As  will  be  shown  later, 
this  has  a  favorable  effect  on  the  deposition  rates.     Third,  it 
is  available  in  highly  pure  form  at  a  fairly  low  cost. 

Vacuum  gauging  Is  a  troublesome  area  in  sputtering.     It  is 
definitely  more  difficult  to  do  accurately  than  it  may  seem. 

One  problem  arises  from  the  range  over  which  sputtering  Is 
carried  out,     R.  F,  sputtering  may  be  done  at  a  pressure  as  low 
as  one  millitorr,  while  high  pressure  or  reactive  sputtering  is 
often  done  at  pressures  in  excess  of  100  millitorrs.    Cold  cathode 
gauges  generally  do  not  measure  pressures  in  excess  of  25  milli- 
torrs, while  thermocouple  gauges  generally  do  not  measure  pres- 
sures less  than  10  millitorrs.     The  result,  all  too  often,   is  that 
two  complete  sets  of  gauging  do  not  agree  even  approximately  in 
their  common  range. 

The  obvious  answer  is  to  calibrate  the  gauges  against,  for 
example,  a  McLeod  gauge.    A  set  of  correction  curves  may  then  be 
used  to  convert  gauge  readings  into  true  readings.     Care  must  be 
taken  to  correct  the  true  readings  for  whatever  gas  is  being  used 
in  the  sputtering  chamber,  for  example,  argon.     This  is  because 
most  gauges  are  calibrated  for  air. 

To  make  matters  worse,  the  vacuum  reading  obtained  will 
obviously  depend  very  much  on  how  the  gauge  is  positioned  relative 
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to  the  vacuum  pump  and  the  glow  dfscharge.     The  only  practical 
answer  to  this  problem  Is  to  keep  the  gauge(s)   In  a  fixed  loca- 
tion, and  state  the  location  whenever  publishing  experimental 
results.    The  study  of  the  variation  of  pressure  within  a  sput- 
tering chamber  Is  an  entire  area  In  Itself. 


CHAPTER  III 
AN  ECONOMICAL  SYSTEM 


The  purchase  of  a  sputtering  system  \b  a  major  investment, 
even  for  a   large  company  or  a  university.     Prices  usually  start 
around  ;i^6,000  for  a  system  or  fpl,500  for  a  sputtering  chamber 
alone.     Added  to  this  is  the  cost  of  liquid  nitrogen,   inert  gas, 
target  materials,  substrates,  cleaning  equipment,  et  cetera.  The 
cost  of  a  sputtering  system  is  thus  prohibitive  for  many  potential 
users,  particularly  universities  who  need  this  state-of-the-art 
equipment  to  provide  instruction  in  thin  film  deposition. 

A  sputtering  chamber  which  can  be  built  for  $100-150  and  a 
few  hours  of  sheet  metal  work  is  described  in  this  chapter.  This 
chamber  is  suitable  for  0.  C.  and  R.  F.  sputtering,  and  can  be 
used  at  power  levels  up  to  about  250  watts.     The  chamber  has  been 
constructed  and  tested  in  the  Kansas  State  University  Solid  State 
Laboratory,  and  has  been  found  to  be  completely  adequate  for  in- 
structional purposes  and  basic  research.     See  Figure  6  for  a 
sectional   illustration  of  the  chamber. 

The  housing  for  the  chamber  is  a  12  inch  length  of  6  inch 
diameter  pyrex  glass  pipe.     A  teflon  gasket  is  placed  on  each 
end  of  the  pipe  to  provide  a  vacuum  seal  to  the  base  plates.  The 
base  plates  are  one  inch  thick  aluminum  plates  which  have  been 
machined  to  a  diameter  of  10  inches. 

The  upper  plate  is  tapped  in  the  center  for  a  ^  inch  Swagelock 
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Figure  6.    Sectional  view  of  economical  sputtering  chamber. 
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fitting.    A  i-  Inch  copper  tube  connects  this  fitting  to  the  leak 
valve,  a  V^hltey  2IRS4. 

The  lower  plate  Is  drilled  in  the  center  for  the  ceramic 
feedthrough.     It  Is  tapped  off-center  for  the  thermocouple  vacuum 
gauge  and  also  for  the  pumpdown  opening  to  the  vacuum  system. 
(In  the  laboratory  model,  a  cold  cathode  gauge  Is  also  mounted  off- 
center.)     The  thermocouple  gauge  Is  a  VIrtis  Model  10-324. 

The  ceramic  feedthrough  Is  an  o I d  ml crowave  fitting  found  In 
a  box  of  spare  parts.     The  copper  target  electrode  Is  a  four  Inch 
diameter  l/lO  inch  thick  copper  disc  which  was  silver  soldered  to 
a  5/8  inch  diameter  copper  tube.     The  target  shield  was  fabricated 
from  sheet  aluminum  and  a  steel  tube  and  was  assembled  with  the 
aid  of  a  pop-riveting  tool.     The  substrate  table  was  made  from 
3/16  inch  thick  aluminum,  and  is  supported  by  four  1/4  inch  dia- 
meter aluminum  rods. 

Except  for  the  leak  valve,  pyrex  pipe  and  teflon  gaskets, 
all  of  the  material  used  in  the  chamber  was  scrap  material  obtained 
from  various  departmental  shops  at  Kansas  State  University.  (The 
one  inch  thick  aluminum  had  been  purchased  as  surplus  material 
from  the  State  of  Kansas.)     The  leak  valve  cost  $35,  the  pyrex 
pipe  cost  ;t?40,  and  the  two  teflon  gaskets  cost  ^9.     Making  allow- 
ance for  the  cost  of  machining  and  tapping  the  base  plates,  their 
cost  was  approximately  $16,  resulting  in  a  total   cost  for  the 
chamber  of  approximately  i?IOO.     The  necessity  of  purchasing  the 
sheet  metal,  ceramic  feedthrough,  "0"  rings,  et  cetera,  would  not 
have  increased  the  total  cost  of  the  chamber  beyond  .$150. 

Figure  7  Is  a  photograph  of  the  completed  sputtering  chamber. 


Figure  8.     Lower  base  plate  of  sputtering  chamber. 
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Note  that  cast  iron  flanges  are  being  used  to  clamp  the  base  plates 
In  position.     These  flanges  add  stability,  but  are  not  absolutely 
necessary.     Figure  8  Is  a  photograph  of  the  lower  base  plate  with 
the  target  electrode  and  target  shield  attached.     In  Figure  8,  the 
hole  immediately  to  the  left  of  the  feedthrough  marks  the  location 
of  the  cold  cathode  gauge,  the  hole  Immediately  to  the  right  of 
the  feedthrough  Is  for  vacuum  pumpdown,  and  the  small  hole  In  front 
of  the  feedthrough  Is  the  location  of  the  thermocouple  gauge. 

An  economical  sputtering  system  was  assembled  by  minimizing 
the  cost  of  the  equipment  used  with  this  sputtering  chamber.  The 
vacuum  pump  used  was  a  ^?250  Welch  Duo-Seal  mechanical  pump.  The 
thermocouple  gauge  cost  $87.    A  200  watt  amateur  radio  transmitter 
can  be  fabricated  for  ^?200.     (In  the  laboratory,  a  Westinghouse 
10  MHz  industrial  R.  F.  generator  was  utilized.)    Eliminating  the 
cold  trap,  which  was  found  to  be  unnecessary  for  instructional 
purposes,  and  allowing  ^H50  for  the  sputtering  chamber,  the  re- 
sulting total  system  price  is  approximately  $700. 

Although  lacking  the  sophistication  of  multi-thousand  dollar 
systems,  the  $700  system  performs  quite  satisfactorily.     The  only 
system  failure  in  the  laboratory  occurred  while  coupling  450  watts 
into  the  sputtering  chamber.     Excessive  heat  caused  the  collapse 
of  the  ceramic  feedthrough.     For  data  obtained  with  this  system, 
refer  to  the  experimental  results  chapter. 


CHAPTER  IV 
DEPOSITION  RATES 

Perhaps  the  most  common  area  of  sputtering  research  has  been 
that  connected  with  deposition  rates,  and  how  they  are  influenced 
by  various  factors.     In  general,  the  deposition  rate  increases 
very  rapidly  in  the  low  ion  energy  (less  than  10  keV)  region  and 
levels  out  In  the  medium  ion  energy  (10-50  keV)  region.     The  rate 
then  decreases  in  the  very  high  energy  range,  due  to  deep  penetra- 
tion of  the  ions,  which  minimizes  energy  ultimately  transferred 
to  the  surface.     Other  variables  which  affect  deposition  rate  are 
the  target  material,  sputtering  gas,  pressure,  electrical  parameters 
of  the  discharge,  magnetic  fields  which  are  present,  target  area, 
target-substrate  separation  and  angle  of  ion  incidence. 

The  sputtering  yield,  or  number  of  atoms  ejected  per  incident 
ion,   is  dependent  upon  the  angle  of  incidence,  which  is  measured 
with  respect  to  the  normal  to  the  target  surface.    As  the  angle  of 
incidence  is  increased,  the  ion  spends  more  of  its  energy  in  colli- 
sions near  the  surface,  and  a  higher  yield  results.     This  is  illus- 
trated in  Figure  9.     The  quantitative  values  for  the  yield  vary,  of 
course,  with  such  parameters  as  Ion  energy,  system  pressure  and 
materials  used,  but  the  increase  in  yield  with  angle  of  incidence 
is  valid  in  all   cases  for  which  data  are  available  (12).  This 
angular  yield  dependence  suggests  that,  at  least  in  certain  low 
energy  ranges,  the  sputtering  process  may  not  be  described  solely 


20 


2i 


by  a  non-directional  transfer  of  energy,  but  also  by  a  transfer 
of  momentum  from  the  ions  to  the  target  atoms  as  in  hard  sphere 
coi I i  8  ions. 

As  seen  in  Figure  9,  sputtering  yields  can  be  quite  large. 
For  instance,  50  keV  xenon  ions  incident  normally  on  copper  eject 
20  atoms  per  projectile.     In  a  lower  energy  range,  5  keV  argon 
ions  incident  on  copper  eject  an  average  of  five  atoms  per  pro- 
jectile. 

Elastic  constants  of  the  target  and  the  strength  of  the 
atomic  or  molecular  bonds  are  also  important  parameters.     In  gen- 
eral, insulators  can  be  divided  into  three  groups.     First  are  multi- 
compound  crystalline  solids,  which  have  the  lowest  deposition  rates. 
Second  are  simple  crystalline  solids.     Third  are  non-crystalline 
solids  (glasses),  which  have  the  highest  deposition  rates. 

Sputtering  frequency  has  little  influence  on  the  deposition 
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rate,  as  long  as  it  is  in  the  low  mHz  range.    Several  experiments 
carried  out  between  2  and  2?  mHz  demonstrated  that  the  frequency 
had  little  effect  on  the  deposition  rate  in  this  range  (4),  A 
frequency  of  13.56  MHz  is  frequently  used  because  of  Federal  Com- 
munications Commission  licensing  regulations, 

R.  F.  sputtering  is  commonly  done  with  a  chamber  pressure  of 
about  5-50  millitorrs.     The  variation  of  rate  within  this  range 
is  usually  not  great,  but  different  researchers  have  reported 
varying  results.    Vossen  and  O'Neill   (21)  reported  that  highest 
deposition  rates  occur  at  pressures  of  about  2-15  millitorrs,  and 
that  the  rate  is  fairly  constant  over  this  range.     Cash,  Cunning- 
ham and  Keene  (2)  found  that  deposition  rates  decreased  appreci- 
ably as  the  pressure  was  increased  above  five  millitorrs,  probably 
due  to  increased  scattering  of  the  sputtered  target  particles. 
They  also  reported  that  the  rate  remained  fairly  constant  down  to 
approximately  one  millitorr.     Obviously,  when  the  pressure  drops 
low  enough  that  the  sheath  width  approaches  the  target-substrate 
separation,  the  deposition  rate  will  drop  to  practically  zero. 

Deposition  rate  is  inversely  proportional  to  the  target- 
substrate  separation  distance.     This  is  logical,  and  means  only 
that  the  substrates  should  be  kept  within  approximately  10  cm  of 
the  target. 

Deposition  rate  as  a  function  of  target  area  has  been  found 
to  follow  the  3/2  power  law  (21).     This  is  because  the  impedance 
of  the  target  is  inversely  proportional  to  the  target  area. 
(Therefore  the  discharge  power  is  proportional  to  the  target  area. 
This  is  also  because  of  the  hemispherical  distribution  of  the 
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ejected  materia  I . 

For  both  D.  C.  and  R.  F.  sputtering,  the  deposition  rate  has 
been  found  to  be  directly  proportional  to  the  discharge  power. 
This  is  illustrated  in  Figure. 10  for  a  particular  R.  F,  system 
configuration  (21),     The  data  for  Figure  10  were  obtained  In  the 
presence  of  an  axial  magnetic  field  of  70  gauss. 


0      100    200    300    400    500  600 
Discharge  power  (rms  watts) 


Figure  10.    Deposition  rate  vs,  discharge  power. 


The  ratio  of  the  incident  ion  mass  to  the  mass  of  the  target 
atom  affects  the  deposition  rate.  Very  roughly,  sputtering  is 
expected  to  be  most  prolific  if  the  incident  ion  mass  is  equal  to 
that  of  a  target  atom  (15).  This  means  that,  for  maximum  deposi- 
tion rates,  the  material  to  be  sputtered  determines  the  choice  of 
inert  gas. 

The  temperature  of  the  substrate  significantly  affects  the 
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Figure  II.     Deposition  rate  vs.  substrate  temperature. 
(After  Davidse  (4) ) 

deposition  rate,  as  is  illustrated  by  Figure  II.     It  is  therefore 
obvious  that  a  uniform  substrate  temperature  is  necessary  if  a 
uniform  film  thickness  is  to  be  obtained. 

The  quality  of  the  contact  between  the  substrate  and  ground 
(the  substrate  holder)  has  a  marked  effect  on  deposition  rate. 
If  C|   is  defined  as  the  substrate  to  ground  capacitance  and  C2  is 
defined  as  the  target  to  substrate  capacitance,  assumed  constant, 
then  it  follows  that  C2/C1   is  a  measure  of  the  quality  of  the 
ground.     Typical  results  obtained  by  Vossen  and  O'Neill   (21)  by 
isolating  the  substrate  from  ground  by  varying  amounts  are  illus- 
trated in  Figure  12. 

Of  considerable  interest  in  the  study  of  R.  F.  deposition 
rates  is  the  effect  of  superimposing  a  magnetic  field  on  the  glow 
discharge.     Using  Helmholtz  coils,  the  magnetic  field  midway 
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Figure  12.    Deposition  rate  vs.  quality  of  ground. 

between  the  coils  can  be  made  to  be  very  uniform  over  a  consider- 
able region  (20).     The  field  is  directed  so  that  it  is  parallel 
to  the  axis  of  the  sputtering  chamber,  that  is,  perpendicular  to 
the  target  and  substrate  holder. 

When  sputtering  dielectrics,  the  effect  of  the  magnetic  field 
is  to  reduce  the  pressure  at  which  a  glow  discharge  can  be  started 
and  maintained  to  about  one  millitorr.    Also,  matching  the  R.  F. 
generator  to  the  load  is  easier  with  the  field  present  (3). 

For  dielectrics,  a  magnetic  field  of  100  gauss  gives  up  to 
twice    the  zero-field  deposition  rate.    A  saturation  effect  takes 
place  at  higher  field  intensities,  as  is  illustrated  by  Figure  13. 
(Also,   it  should  be  noted  that  saturation  occurs  at  higher  field 
intensities  for  higher  R.  F.  power  levels.) 

The  reason  for  the  increased  deposition  rate  is  that  the 
magnetic  field  constrains  electrons  to  follow  helical  paths,  the 
radii  of  which  are: 

r  =  mgV  sincj) 

e5  where  v  =  electron  velocity. 
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Figure  13.     Deposition  rate  vs.  magnetic  field  Intensity, 
(After  Davidse  (4))  ,  * 


(})  =  electron  emission  angle,  m^  =  electron  mass,  e  =  electronic 
charge  and  B  =  magnetic  flux  density.  The  net  effect,  then.  Is 
to  lengthen  the  electron  path  and  Increase  the  probability  of  a 
collision,  thus  yielding  higher  ion  density. 

The  largest  increase  In  deposition  rate  and  uniformity  of 
film  thickness  occurs  when  the  coil  and  substrate  are  concentric. 
The  magnetic  field  has  been  found  to  greatly  improve  the  uniformity 
of  film  thickness  over  large  substrate  areas,  probably  by  scatter- 
ing the  emitted  species  slightly  (21), 

It  is  interesting  to  note  that  although  the  magnetic  field 
increases  deposition  rate  for  dielectrics,  experiments  involving 
the  R.  F.  sputtering  of  metals  indicate  no  increase  in  deposition 
rate  for  metal  sputtering.     Variations  in  the  magnetic  field  from 
0-200  gauss  did  not  cause  any  change  in  film  thickness  (2). 


CHAPTER  V 
OTHER  SPUTTERING  PHENOMENA 


Self-Bias  Phenomenon 
One  of  the  most  Important,  phenomena  associated  with  R,  F, 
sputtering  is  that  of  self-biasing.     The  surface  potential  of  the 
target  becomes  negative  with  respect  to  the  potential  of  the 
plasma.     This  negative  self-bias,  V^j,   is  illustrated  in  Figure  14. 
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Figure  14.    Potential  of  target  surface,  V,  vs.  time. 

The  necessity  for  negative  self-bias  may  be  explained  by 
examining  particle  mobility.     Since  the  mobility  of  a  particle  is 
proportional  to  its  charge  and  inversely  proportional  to  its  mass, 
electron  mobility  is  approximately  10^  greater  than  the  mobility 
of  argon  ions.     Therefore,  more  electrons  collect  on  the  cathode 
during  each  cycle  than  argon  ions.     Because  of  the  capacitive 
nature  of  a  dielectric  target,  and  the  blocking  capacitor  inserted 
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when  sputtering  metals,  electrons  accumulate  on  the  cathode,  re- 
sulting in  the  negative  self-bias  V^. 

This  self-bias  phenomenon  places  certain  constraints  upon 
the  sputtering  frequency.     If  the  sputtering  frequency  is  too  low, 
no  D,  C.  potential  will  build  up  on  the  target  because  enough  lona 
will  strike  the  target  surface  during  the  negative  half  of  each 
cycle  to  neutralize  the  negative  surface  charge.  Experiments 
have  shown  that  the  frequency  must  be  at  least  on  the  order  of  10 
KHz  for  any  ion  sheath  to  form  (4).    Although  frequencies  in  the 
low  megahertz  range  are  usually  used,  experiments  in  the  microwave 
range  have  been  conducted. 

Difficulties  encountered  with  the  neutralization  and  accumu- 
lation of  charge  would,  of  course,  disappear  if  beams  of  neutral 
atoms  were  utilized  rather  than  ions.     It  is  difficult,  however, 
to  produce  neutral  beams  with  high  flux  densities  in  the  energy 
range  of  interest. 

Consider  the  effect  of  positive  charge  buildup  on  the  target 
surface  of  a  dielectric  target.    Assume,  for  calculation  purposes, 
that  ion  current  (I,-)  is  independent  of  time.     Then  the  potential 
of  the  dielectric  surface,  during  the  negative  half  cycle,  will 
decrease  in  absolute  value  at  a  rate  given  by  dV/dt  =  Ij/C,  where 
C  =  capacitance  of  the  dielectric  target  and  Ij  =  ion  current. 
Considering  a  current  of  I  ma/cm^  and  a  capacitance  C  of  20  pf/cm^, 
dV/dt      5  x  I0"7  volts  per  second.     Therefore,   if  the  decrease  in 
the  potential  of  the  dielectric  surface  due  to  positive  charge 
accumulation  is  about  100  volts  per  cycle,  the  frequency  must  be 
on  the  order  of  500  KHz. 


29 


High  Pressure  Phenomena 

Utilizing  relatively  high  chamber  pressures  is  one  method  of 
controlling  sputtering  growth  processes.     For  example,  the  deposi- 
tion of  tantalum  films  at  relatively  low  voltage  (l-3kV)  and  high 
argon  pressure  (20-120  mT)  has  been  found  to  result  in  films  of 
1000  ohms  per  square  for  a  200  angstrom  film  (14).     These  films 
were  also  found  to  have  essentially  zero  temperature  coefficients. 

The  films  consisted  primarily  of  tantalum  with  very  small 
crystallite  sizes  in  a  form  which  had  not  been  previously  observed. 
This  form  of  tantalum  was  later  named  beta  tantalum.     Because  of 
the  small  crystallite  size,  the  electron  mean-free  path  was  quite 
small  and  the  temperature  coefficient  was  relatively  independent 
of  the  thermal   lattice  vibrations, 

Schuetze,  Ehlbeck  and  Doerbeck  (l6)  reported  similar  results. 
They  also  observed  that  since  the  partial  pressures  of  the  gaseous 
impurities  in  the  sputtering  chamber  were  lower  than  10"^  torr, 
the  observed  density  of  the  sputtered  films  could  not  be  explained 
by  impurity  content.  They  accounted  for  the  higher  resistivity  in 
a  low-voltage  sputtered  film  by  stating  that  the  film  is  composed 
of  loosely  packed  atoms. 

They  found  that  the  resistivity  of  the  sputtered  film  varied 
inversely  with  the  sputtering  voltage,  as  illustrated  in  Figure 
15.     (A  constant  value  of  sputtering  current  was  maintained  by 
varying  the  flow  of  inert  gas  into  the  chamber.)     Almost  no  in- 
fluence of  current  or  sputtering  time  on  resistivity  was  found, 
however.     As  a  typical   result,  a  500  angstrom  tantalum  film 
sputtered  at  1500  volts  was  found  to  have  a  resistivity  of  4000 
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Figure  15.     Resistivity  of  tantalum  sputtered  films  versus 
sputtering  voltage.     (After  Schuetze,  Ehlbeck  and  Doerbeck 
(16))  ,     .  . 

ohms  per  square. 

In  order  to  obtain  stable  values  of  resistance,  the  films 
were  aged  for  25  hours  in  200°C  air.    The  temperature  coefficient 
of  resistance  (TCR)  was  then  measured.    A  TCR  of  zero  was  mea- 
sured for  films  deposited  at  2.25  kV.     This  result  was  found  to 
be  reproducible  within  80  ppm/oc.     (Films  sputtered  at  less  than 
2.25  kV  had  negative  TCR's,  while  those  sputtered  at  more  than 
2.25  kV  had  positive  TCR's.) 

The  environmental  effect  of  the  inert  gas  is  very  important 
in  the  sputtering  process,  and  becomes  a  dominant  factor  in  high 
pressure  sputtering.     In  an  experiment  conducted  by  Wolsky  (25), 
germanium  atoms  were  being  deposited  at  the  rate  of  lo'^  atoms/ 
cm^.fnin.     At  the  same  time,  the  substrate  surface  was  being 
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bombarded  with  approximately  lo'9  argon  atoms/cm^.m  i  n.  iVolsky 
concluded  that  the  argon  atoms  reduce  the  effective  temperature 
of  the  surface  atoms. 

Some  research  in  high  pressure  sputtering  has  been  done  in 
the  Kansas  State  University  Solid  State  Laboratory,  It  is  pre- 
sented in  the  chapter  on  experimental  results. 

Contamination  Phenomena 

Of  considerable  importance  are  the  factors  which  give  rise 
to  the  contamination  of  a  sputtering  system,  and  the  effects 
which  contamination  has  on  the  system.     Of  particular  interest, 
of  course,  are  the  target  and  substrate  surfaces. 

In  some  cases,  the  electrodes  themselves  can  act  as  catalysts 
for  contaminating  reactions.    For  example,  the  yield  of  ozone  is 
enhanced  in  a  glow  discharge  when  the  electrodes  are  made  of 
aluminum  (10), 

Several  authors  have  shown  that  the  gas  content  of  the  target 
may  be  several  orders  of  magnitude  greater  than  the  normal  solu- 
bility of  the  gas.     The  result  is  that  drastic  changes  occur  in 
the  physical  properties  of  the  target  material.     This  was  noted 
particularly  for  targets  with  thin  oxide  layers  (10). 

The  contamination  of  a  target  may  then,   in  some  cases,  dis- 
play a  regenerative  property.     That  is,  a  target  may  acquire  a 
thin  oxide  layer,  giving  rise  to  an  abnormally  high  gas  content 
which  in  turn  gives  rise  to  further  contamination,  perhaps  in  the 
form  of  reactive  products. 

The  rate  of  contamination  can  be  greatly  affected  by  current 
density  and  the  energy  of  the  incident  ions.     This  is  because 
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these  parameters,  among  others,  determine  the  rate  at  which  unde- 
sired  reaction  products  are  removed  from  the  cathode. 

Ionic  bombardment  of  a  target  has  been  found  to  affect  the  • 
oxidation  rate  of  the  target  surface.     It  has  been  shown  that,  at 
least  for  some  target  materials,  bombarding  the  target  with  I  keV 
ions  increases  the  oxidation  rate  of  the  target  surface  by  more 
than  a  hundred  times  (10), 

One  method  used  to  rid  the  target  of  initial  contamination  Is 
a  high  temperature  bake-out  with  subsequent  prolonged  pumping  to 
a  pressure  of  I0"9  torr.     This  method,  however,  is  not  practical 
for  most  sputtering  applications.    More  often,  the  method  used  is 
ion  bombardment  with  an  inert  gas.     In  other  words,  sputtering  is 
carried  out  for  a  few  minutes  onto  a  shutter  mechanism  which  is 
placed  in  front  of  the  substrates. 

To  avoid  oxide  formation  on  the  target  during  sputtering,  the 
ion  energy  must  be  such  that  the  rate  of  ejection  of  particles  is 
greater  than  the  rate  of  oxidation  of  the  target.     Some  undesir- 
able reactions  on  the  target  surface  can  be  avoided  by  water 
cooling  the  target.     The  substrate  holder  is  also  often  water 
cooled.     The  cooling  not  only  reduces  undesirable  chemical  reac- 
tions, but  also  maintains  the  electrodes  at  a  constant  tempera- 
ture, enabling  a  reproducibility  of  results  not  otherwise  obtain- 
able. 

As  would  be  expected,  contamination  of  the  substrate  is  an 
ever  present  problem.     Kay  (10)  found  that  the  problem  of  film 
growth  with  respect  to  the  residual   gaseous  species  arriving  at 
the  substrate  is  essentially  that  of  physical  adsorption.  He 
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defined  physical  adsorption  as  those  interactions  arising  from 
van  der  Vi/aal's  forces  between  the  incident  atom  and  the  substrate 
lattice.     These  forces  are  similar  in  magnitude  to  the  heat  of 
sublimation  of  the  rare  gases. 

When  considering  inert  gas  contamination,   it  is  important  to 
examine  the  rate  of  arrival  of  cathode-ejected  material  compared 
with  the  rate  of  arrival  of  inert  gas  atoms.     This  is  determined 
both  by  the  chamber  pressure  and  by  the  energy  of  the  ions  incident 
on  the  target,  which  determines  ejection  rate  at  the  target. 

Of  the  various  methods  used  to  reduce  substrate  contamination, 
one  of  the  most  recent  and  most  successful   is  substrate  bias.  Sub- 
strate bias  during  D.  C.  sputtering,  for  example,  has  been  found 
to  effectively  reduce  oxygen  contamination  in  nichrome  films  (19). 
It  appears  that  the  resputtering  of  adsorbed  Impurity  atoms,  in 
particular  oxygen,  is  responsible.  J'? 

Data  obtained  by  Stern  and  Light  (19)  at  a  bias  of  -150 
volts  (cathode  potential  of  -2.0  kV)   indicate  that  the  oxygen 
content  of  films  sputtered  in  a  high  partial  pressure  of  oxygen 
(I0"5  torr)  does  not  differ  appreciably  from  those  sputtered  in 
a  pure  argon  atmosphere  where  the  partial  pressure  of  oxygen  was 
approximately  2  x  lO'^  torr.     Furthermore,   it  appears  that  sub- 
strate bias  assists  in  the  orientation  of  the  film. 

Several  types  of  substrate  bias  are  presently  in  use.  These 
Include  D.  C.  bias  while  D.  C.  sputtering  (19),  D.  C.  bias  while 
R.  F.  sputtering  (13),  and  R.  F.  bias  while  D.  C.  sputtering  (22). 
Not  only  does  the  biasing  technique  reduce  substrate  contamination, 
but  it  also  increases  deposition  rates. 


CHAPTER  VI 
EXPERIMENTAL  RESULTS 

System  Description 

The  sputtering  chamber  used  for  this  research  was  described 
earlier  in  Chapter  III,     Using  a  l/Velch  1405  Duo-Seal  vacuum  pump, 
an  ultimate  chamber  vacuum  of  3  x  10"'^  torr  was  attainable.  Vacuum 
measurements  were  made  with  a  CVC  Model  GPH-IOOA  cold  cathode 
gauge  and  a  Virtis  Model   10-324  thermocouple  gauge.    A  liquid 
nitrogen  trap  was  used  for  some  experiments,  but  was  omitted  to 
promote  system  simplicity  for  data  presented  in  this  chapter. 

The  power  supply  used  for  D.  C.  sputtering  was  a  CVC  Model 
LC-031  capable  of  a  constant  output  of  350  ma  at  5000  volts.  The 
R.  F,  power  supply  was  a  10  MHz  Westinghouse  industrial  R,  F.  gen- 
erator with  a  rated  input  to  the  final  power  tube  of  1000  watts. 
For  R.  F.  sputtering,  the  generator  was  coupled  with  RG-8/U  co- 
axial  cable  directly  to  the  sputtering  chamber.     A  500  pf  capaci- 
tor was  inserted  at  the  base  of  the  sputtering  chamber  when  sput- 
tering conductors. 

The  system  is  illustrated  in  Figure  l6.     At  the  left  of  the 
sputtering  chamber  is  the  D.  C,  power  supply.     The  cold  cathode 
gauge  is  on  top  of  the  supply.     To  the  right  of  the  sputtering 
chamber  is  the  R.  F.  generator.     The  readout  for  the  thermocouple 
gauge  is  resting  on  the  left  end  of  the  generator.     The  vacuum  pump 
is  located  beneath  the  sputtering  chamber. 
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Figure  l6.    Sputtering  system. 

Tuning  the  R.  F.  Discharge 

The  usual  method  for  tuning  an  R.  F.  sputtering  system  is  to 
adjust  the  R.  F.  generator  and  matching  network  for  maximum  R.  F. 
power  coupled  to  the  load;   i.e.,  minimum  standing  wave  ratio. 
Another  method  is  suggested  by  the  properties  of  a  glow  discharge. 

A  discharge  is  ma i nta i ned , by  electrons  produced  at  the  cathode 
as  a  result  of  positive  ion  bombardment.     Each  electron  must  pro- 
duce enough  positive  ions  to  release  a  new  electron  at  the  cathode. 
Although  it  is  generally  agreed  that  the  negative  glow  is  a  result 
of  excited  atoms  returning  to  the  ground  state,  there  is  disagree- 
ment as  to  the  cause  of  the  cathode  glow, 

Kay  (10)  states  that  when  the  positive  ions  are  neutralized, 
the  decay  of  their  excitation  energy  gives  rise  to  the  cathode  glow. 


36 


Wehner  (24)  believes  that  sputtered  copper  Jons  with  an  average 
lifetime  of  I0~"  seconds  cause  the  cathode  glow  when  they  are  de- 
excited. 

Whatever  the  cause  of  the  glow,   It  provides  a  good  indication 
of  the  sputtering  rate.     Tuning  the  discharge  for  maximum  cathode 
glow  is  equivalent  to  tuning  for  a  maximum  density  of  sputtered 
particles.     Thus  an  excellent  method  of  tuning  the  R.  F.  discharge 
is  available  which  does  not  require  the  use  of  forward  and  re- 
flected R.  F.  power  meters,  et  cetera.     This  method  has  been  tested 
in  the  laboratory  and  found  to  be  a  sensitive  tuning  technique. 

Substrate  Stress 

The  effects  of  stress  were  observed  when  microscope  slide 
substrates  were  being  held  in  place  by  stainless  steel  clips,  as 
illustrated  in  Figure  17.     The  clips  held  the  slides  up  against 
the  bottom  of  the  substrate  table  (see  Figure  6). 

One  of  the  machine  screws  was  accidentally  overtightened. 
The  resulting  copper  film  had  an  area  of  non-adhesion  along  the 
edge  of  the  clip  in  the  vicinity  of  the  overtightened  screw,  as 
illustrated  in  Figure  18.     The  area  of  non-adhesion  was  marked  by 
bubbles  (or  blisters)  of  copper  film. 

The  conditions  were  repeated  for  various  patterns  of  sub- 
strate stress,  with  the  same  result.     The  film  along  the  edge  of 
the  clip  near  an  overtightened  screw  always  had  an  area  of  non- 
adhes  i  on. 

Authors  have  variously  reported  both  tensive  and  compressive 
stress  in  sputtered  films.     The  copper  bubbles  or  blisters  which 
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Figure  17.    Substrate  clamping  arrangement. 
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Figure  18.    Area  of  film  non-adhesion  due  to  substrate  stress. 

were  observed,  however,  clearly  demonstrated  the  presence  of  com- 
pressive stress  in  the  films  of  this  experiment. 

The  films  were  otherwise  of  high  quality  and  high  conductivity. 

P  —"5 
They  were  D.  C.  sputtered  at  I  ma/cm  ,  2000  volts  and  10  x  10 

torr.     The  overtightening  of  the  screws  apparently  created 
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dislocations  or  other  surface  imperfections  in  the  glass  substrates 
which  caused  the  non-adhesion  to  occur. 

High  Pressure  Effects 
Unusual  results  were  obtained  when  sputtering  copper  at  rela- 
tively high  chamber  pressures.     For  example,  for  a  chamber  pres- 
sure of  about  60  X  10"^  torr  and  a  current  density  of  0.5  ma/cm^, 
a  1200  angstrom  film  was  obtained  which  had  a  resistivity  of  1700 
ohms/square.     (The  sputtering  rate  was  120  angstroms  per  minute.) 
The  film  was  uniform  and  black  in  color.     Qualitatively  similar 
results  were  obtained  with  molybdenum. 

Results  obtained  by  Wehner  (24)  with  a  scanning  electron  mic- 
roscope indicate  that  the  films  are  composed  of  very  loosely  packed 
atoms  of  copper.    Apparently,  aggregates  of  copper  atoms  are 
formed  before  reaching  the  substrate,  and  these  particle  clusters 
are  deposited  on  the  substrate,  rather  than  single  atoms.     If  the 
partial  pressure  of  oxygen  is  sufficient,  oxygen  atoms  attach  them- 
selves to  these  particle  aggregates.     The  film  then  consists  of  a 
sort  of  modified  oxide,  again  very  loosely  packed.     These  results 
are  roughly  analagous  to  the  results  obtained  with  beta  tantalum. 

To  aid  in  the  understanding  of  phenomena  which  occur  at  high 
chamber  pressures,  a  review  of  kinetic  gas  theory  is  helpful.  It 
has  been  well   established  by  several   researchers  that  the  sputtered 
atom  is  ejected  from  the  target  surface  with  an  average  energy  of 
3-iO  electron  volts.     (Larger  energy  levels  have  been  observed  for 
oblique  ejection  directions.) 

This  means,  for  molybdenum,  that  the  velocity  of  the  ejected 
particles  ranges  from  2.5  x  Io5  cm/sec  for  3  eV  particles  to 
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4  X   I05  cm/sec  for  10  eV  particles.     The  average  velocity  Vg  of 
argon  atoms  striking  the  substrate  is  1 4, 55 1 cm/sec ,  where  M 
Is  the  atomic  mass  and  T  is  the  temperature  of  the  argon  gas  ad- 
jacent to  the  substrate  in  degrees  Kelvin  (5).     Argon  atoms  are 
therefore  bombarding  the  substrate  with  an  average  velocity  of 
6  X   10^  cm/sec,  assuming  a  substrate  temperature  of  300°C. 

Assuming  a  deposition  rate  for  molybdenum  of  100  angstroms 
per  minute,  the  substrate  is  being  coated  with  approximately  lo'^ 
atoms/cm^sec.     The  number  of  molecules  of  a  gas  that  strike  a  unit 
area  in  unit  time  is  given  by  3.513  x  10^^  P/ Vm?  cm'^sec" '  (5), 
where  P  is  the  gas  pressure  in  mm  Hg.     Assuming  a  chamber  pres- 
sure of  50  X  I0~3  torr  and  a  gas  temperature  adjacent  to  the 
substrate  of  300^0,   lo'^  atoms  of  argon  will  strike  each  square 
centimeter  of  target  area  every  second.     There  are  therefore 
approximately  10^  argon  atoms  striking  the  substrate  for  every 
atom  of  molybdenum. 

It  thus  is  obvious,  both  from  velocity  magnitudes  and  bombard- 
ment densities,  that  the  argon  gas  in  the  sputtering  chamber  plays 
an  important  role  in  the  formation  of  the  thin  films  on  the  sub- 
strate.    One  effect  which  has  been  noted  is  that  the  argon  atoms 
reduce  the  effective  temperature  of  the  surface  atoms  of  both  the 
target  and  the  substrate  (25). 

This  high  density  of  argon  in  the  chamber  almost  certainly 
affects  the  formation  of  aggregates  of  atoms,  perhaps  through 
collisions  en  route  to  the  substrate.     Any  such  collision  process 
would  slow  the  particles  to  something  less  than  their  ejection 
velocities,  perhaps  accounting  for  the  loosely  packed  structure 
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on  the  substrate.     High  pressure  effects  will  continue  to  be  a 
subject  of  research  in  the  laboratory. 

System  Impedance  Characteristics 

Characteristic  impedance  curves  may  be  determined  for  a 
sputtering  chamber  much  as  for  a  vacuum  tube  or  semiconductor 
device.     These  curves  provide  a  means  by  which  a  particular 
sputtering  system  may  be  uniquely  identified. 

Figure  19  is  a  set  of  curves  for  the  sputtering  chamber 
described  previously.     The  curves  were  taken  with  the  copper 
electrode  in  place.     The  pressures  have  been  corrected  for  argon 
gas,  but  the  GPH-IOOA  gauge  on  which  they  were  taken  was  not  cali- 
brated against  a  standard. 

Note  that  the  curves  are  similar  to  those  for  a  diode,  which 
might  be  expected.  The  pressure  was  adjusted  from  a  no  discharge 
condition  to  a  saturation  condition.  Current  readings  were  taken 
on  a  Triplett  Model  327-A  m i I  I i ammet er , 

The  ordinate  of  Figure  19  was  plotted  as  current/area.  This 
is  a  valid  unit  of  comparison,  regardless  of  the  size  of  the  sy- 
stem.    The  characteristics  are  thus  more  universal   in  nature. 

Similar  characteristics  can  be  plotted  for  R,  F,  systems. 
A  difference  between  systems  in  variable  losses  might  tend  to  de- 
crease the  universality  of  R.  F.  characteristics,  but  they  would 
St i I  I  be  very  usefu 1 . 

These  characteristics,  for  D.  C.  or  R.  F.  chambers,  once 
plotted  and  calibrated  for  pressure,  can  serve  as  a  reference 
guide.     For  instance,  if,  for  the  chamber  of  Figure  19,  the  cham- 
ber voltage  is  1900  volts  and  the  current  density  is  I  ma/cm^,  it 
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Figure  19.     Impedance  characteristics  for  D.  C.  chamber  with 
copper  electrode. 


A2 

is  immediately  evident  that  the  chamber  pressure  is  20  x  I0~-^  torr. 
Constant  vacuum  recording  is  thus  made  unnecessary. 

Preliminary  evidence  indicates  that  an  area  of  the  character- 
istic curves  may  be  outlined  which  will   show  the  area  in  which 
good  quality,  highly  conductive  films  will  be  obtained.     The  pos- 
sible form  of  such  an  area  is  outlined  by  a  dotted  line  in  Figure 
19.     Further  research  will  be  conducted  in  the  laboratory  to  ascer- 
tain the  validity  of  this  assumption. 

Conclusion 

The  amount  of  research  accomplished  thus  far  in  the  laboratory 
has  made  evident  the  vast  amount  that  remains  to  be  done.  Emphasis 
will  continue  to  be  placed  on  high  pressure  phenomena  and  the  use 
of  impedance  curves  to  characterize  sputtering  systems, 

A  stupendous  amount  of  material  has  been  written  about  sput- 
tering, but,  as  is  illustrated  by  the  puzzling  action  of  R,  F, 
sputtering  a  metal  with  a  magnetic  field,  there  is  still  much  that 
is  not  yet  understood.     This  lack  of  understanding  has  been,  to  a 
great  degree,  because  of  the  scarcity  of  reliable  experimental 
data. 

Wehner,  one  of  the  originators  of  the  R.  F,  sputtering  tech- 
nique, states  that  sputtering  is  still,  to  a  great  extent,  "black 
magic".     The  sheer  volume  of  research  being  done,  however,  will 
surely  alleviate  this  situation. 
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ABSTRACT 


Although  sputtering  phenomena  were  first  observed  more  than 
100  years  ago,  sputtering  as  a  method  of  thin  film  deposition  has 
only  recently  enjoyed  a  rapid  increase  in  utilization.  Recent 
experimental  data  and  apparatus  technology  are  examined. 

The  physical  process  of  sputtering  is  reviewed  and  the  nature 
of  the  ejected  particles  is  discussed.     The  events  leading  to  ioni- 
zation in  a  glow  discharge  are  enumerated.    The  three  main  types 
of  sputtering,  D.  C. ,  R.  F,  and  reactive,  are  defined  and  reviewed. 
Properties  and  advantages  of  each  type  are  discussed. 

Apparatus  technology  is  examined  in  some  detail.  The  origi- 
nal R.  F,  system  configuration  of  Anderson,  Mayer  and  Wehner  is 
compared  with  more  recently  designed  systems.  Important  areas  of 
chamber  design  and  fabrication  technique  are  discussed,  including 
electrode  geometry,  shield  spacing  and  target  impedance.  Consid- 
erations governing  the  choice  of  each  component  of  a  sputtering 
system  are  reviewed. 

An  economical  sputtering  system  which  can  be  assembled  for 
about  $700  is  described.    A  sputtering  chamber  which  can  be  built 
for  $100-150  and  a  few  hours  of  sheet  metal  work  is  described  in 
some  detail.     The  chamber  is  suitable  for  D.  C.  and  R,  F,  sputter- 
ing and  can  be  used  at  power  levels  up  to  about  250  watts. 

Perhaps  the  most  common  area  of  sputtering  research  has  been 
that  of  deposition  rates,  and  how  they  are  influenced  by  various 


factors.     The  variations  in  deposition  rate  with  energy  level, 
target  material,  sputtering  gas,  chamber  pressure,  electrical 
discharge  parameters,  magnetic  fields,  target  area,  target-sub- 
strate separation  and  angle  of  Ion  Incidence  are  examined. 
Other  sputtering  phenomena,  including  that  of  self-bias,  those 
associated  with  high  pressures  and  those  related  to  contamina- 
tion, are  discussed. 

It  has  been  found  that  the  cathode  glow  in  an  R.  F.  sputter- 
ing system  provides  a  good  indication  of  the  sputtering  rate.  The 
system  can  therefore  be  tuned  for  maximum  deposition  rate  by  ref- 
erence to  this  glow. 

The  effects  of  substrate  stress  have  been  observed.  The 
areas  of  non-adhesion  in  the  vicinity  of  stress  points  indicated 
that  compressive  stress  was  present  in  the  experimental  films. 

High  resistivity  films  were  obtained  when  sputtering  at  rela- 
tively high  chamber  pressures.    Although  dark  in  color,  indications 
are  that  they  are  composed  of  very  loosely  packed  atoms  of  target 
material . 

It  has  been  found  that  characteristic  impedance  curves  may 
be  determined  for  a  sputtering  chamber  much  as  for  a  vacuum  tube 
or  semiconductor  device.    Preliminary  evidence  indicates  that  an 
area  of  the  characteristic  curves  may  be  outlined  which  will  show 
the  area  In  which  good  quality,  highly  conductive  films  will  be 
obtained. 


